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ABSTRACT
Wastewater Treatment and Nitrogen Removal in
Bench-Scale Photobioreactors Operated
with Solids Recycling
Erik Hoffnagle

This thesis examines the effect of solids recycling on nitrification, organic carbon
removal, and algal-bacterial productivity in bench-scale photobioreactors (PBRs) simulating
winter pond conditions in San Luis Obispo, California, and in a 6-acre raceway system in Delhi,
California. Two sets of duplicate photobioreactors operated with or without solids recycling were
fed primary clarifier effluent (1oEff) from the San Luis Obispo Water Resource Recovery
Facility for the first experiment, or facultative pond effluent (FAC) from the Delhi, California
wastewater treatment plant for the second experiment
In both experiments mean productivity was lower in solids recycled PBRs (3.67 and 2.3
g/m2-day), than in controls without solids recycling (4.15 and 3.9 g/m2-day). When fed 1oEff
which contained a high amount of readily biodegradable COD, solids recycled PBRs had 30%
less VSS in supernatant after 1 hour of settling in Imhoff cones than. However, when fed
facultative pond water with no readily biodegradable COD there was little difference in
supernatant VSS after settling.
The type of wastewater influenced soluble COD removal in PBRs with 40-50% removal
when fed 1oEff, and 10-20% removal when fed FAC. Mean PBR effluent COD was the same in
both treatments and controls when fed 1oEff (42 mg/L). When fed FAC mean effluent COD was
marginally lower in solids recycled PBRs (61 mg/L) than in controls (68 mg/L), though not
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statistically different (P < 0.05, n = 9). The 1oEff COD was much more readily biodegradable
than FAC which had mostly recalcitrant and slowly biodegradable COD.
Nitrification occurred more quickly and more reliably in solids recycled PBRs. The
difference in nitrification was seen most notably when using FAC as PBR influent, where solids
recycled PBRs had complete nitrification, but controls did not. When fed 1oEff all PBRs had
complete nitrification but was seen sooner in PBRs with solids recycling. Solids recycling
resulted in PBRs that were more resilient to changes in influent wastewater characteristics and
had more consistent effluent water quality when fed wastewater that had occasional spikes in
nitrogen and organic carbon. The difference between the two wastewaters indicates a possible
inhibitory effect of FAC on nitrification.
Microscopy data from both studies, though mostly qualitative, seems to indicate that
solids recycling promotes biodiversity in algal-bacterial cultures, which may be part of the
reason why solids recycling promoted more resilient and reliable treatment.
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1. INTRODUCTION
The release of nutrients, primarily nitrogen and phosphorous, into natural waters is a
major environmental problem around the world. Nutrient filled waters can cause large algal
blooms resulting in eutrophication, and dead zones which impact agriculture, recreation, health,
and the environment. When conditions are right, algae, small microscopic plants, take advantage
of excess nutrients and will explode in population forming what are known as algal blooms,
often turning waters green, red, or brown. After filling the waters, algae, along with bacteria and
other microorganisms growing with the algae can deplete the water of dissolved oxygen killing
fish and other organisms living in the waters. The algae can also be toxic making wildlife, pets,
and people that come in contact with the waters severely sick or killing them. Plants and animals
that could once be harvested from the waters may become inedible from the accumulation of
toxins significantly impacting both commercial and recreational fisheries (Wolf et al. 2017).
Blooms can also affect drinking water supplies making the waters difficult to treat and unsafe to
drink if not treated properly. Each year harmful algal blooms cost the US over $50 million for
impacts on human health, $1.4 billion for losses to commercial fisheries, and $1.3 billion for
losses to tourism and recreation (Sanseverino et al. 2016).
Though naturally occurring, the blooms are often exacerbated by human activities
particularly from the release of untreated or partially treated agricultural runoff, stormwater
runoff, and wastewater. Limiting the release of nutrients from these sources into waterbodies can
reduce the frequency and severity of algal blooms causing many places around the world to
require the proper treatment of these nutrient waste streams before their carrying waters can be
discharged (Domingues etal., 2017; US EPA, 2018). In some cases, total nitrogen must be
removed to less than 3 mgN/L, and total phosphorus less than 1 mgP/L (Oleszkiewicz, and
1

Barnard 2006). However, reaching these nutrient levels using the conventional activated sludge
wastewater treatment technology requires additional infrastructure, energy use, chemical use,
and greenhouse gas emissions (Foley et al. 2010).
Since wastewater is so nutrient rich and algae naturally grow, algae can be cultivated in
wastewater treatment to create controlled blooms which take up the nutrients and prevent their
release into the environment. Using algae-based wastewater treatment systems instead of
conventional technologies can decrease energy use and greenhouse gas emissions by over 50%,
and, combining with other treatment technologies such as anaerobic digestion could result in a
net energy positive wastewater treatment system with net negative greenhouse gas emissions
while also producing valuable agricultural fertilizers and biofuels (Shoener et al. 2014; Michalak
et al. 2017).
Algae based wastewater treatment systems function well while it is warm and sunny, but
they slow down significantly as temperature and light decreases, posing significant challenges
for these systems during the winter. Conventional wastewater treatment technologies can
maintain treatment during winter by increasing the number of treatment organisms through solids
recycling. While previous studies show promise for solids recycling in algae systems, additional
work focusing on nitrification, and nitrogen removal from algae ponds operated with solids
recycling, at winter light and temperature is needed (McGriff and McKinney, 1972; Regan and
McKinney, 1977; Park et al., 2011).
This thesis examines how recycling algae-bacterial biomass grown in laboratory
photobioreactors operated under simulated winter light, and temperature effects the removal of
nitrogen, from wastewater using algae-bacterial cultures.
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2. BACKGROUND
Nitrogen removal from wastewater is typically achieved through the nitrificationdenitrification process. This is where, in the presence of free oxygen, ammonia from wastewater
is oxidized into nitrite (NO2-) then nitrate (NO3-) through nitrification via nitrifying organisms.
Then in anoxic or very low dissolved oxygen conditions nitrate is used by denitrifying organisms
to oxidize organic matter converting the nitrate into nitrogen gas (N2) and removing it from the
wastewater (Delgadillo-Mirquez et al. 2016). Nitrification and the growth of nitrifying organisms
is typically the rate limiting step in this process since they tend to be much slower growing than
other organisms (Jenkins 2014). Because of this treatment processes have developed to
accommodate these organisms while also promoting others.
Most wastewater treatment is achieved through a process known as activated sludge. This
is where wastewater is treated in a heavily aerated reactor by a dense population of
microorganisms that consume the contaminants. The microbial population is kept high through
solids recycling, where the microbial biomass, typically called solids, is separated from the water
leaving the reactor and a portion recycled back in. Recycling some of the solids back in increases
the number of treatment organisms available to consume contaminants and increases the solids
residence time (SRT) in the reactor. This maintains the population of slower growing nitrifying
organisms which would otherwise not live in the reactor long enough to maintain a sufficient
population (Iacopozzi 2007). After nitrification in the aerated zone, nitrate is removed either by
recirculating part of the nitrified water back and mixing it with raw wastewater, or by adding an
external carbon source such as methanol, ethanol or acetate to provide organic carbon and anoxic
conditions (Fuerhacker 2000).
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The activated sludge process is generally reliable, has minimal land requirements, and
facilitates high treatment efficiencies and throughput (Metcalf and Eddy 2003). However, the
large demand for oxygen provided by mechanical aeration and the need for continuous sludge
pumping results in high energy use and operational costs (Muñoz and Guieysse 2006). The large
amount of aeration can also strip out volatile compounds and other air pollutants that have been
linked to health problems down wind of wastewater treatment plants (Jia and Yuan, 2016;
Piqueras 2017).
Activated sludge also has significant air pollution in the form of greenhouse gasses. The
average wastewater treatment plant emits 0.4 to 0.6 kg CO2/m3WW of which 50% is from the
decomposition of organic wastewater contaminants, 25% is from the energy required for aeration
and 25% is from energy use in other processes (Campos et al. 2016). Incomplete denitrification
in activated sludge can also release significant amounts of nitrous oxide (Law et al. 2012), which
is a greenhouse gas with a 100-year global warming potential 298 times that of CO2 (US EPA
2015).
Since algae produce oxygen and take up CO2 they can completely remove the need for
mechanical aeration preventing the release of air pollution, and when operated under the right
conditions can remove CO2 from the atmosphere (Grobbelaar et al. 1988; Shen 2014). Since
algae are made up of 6-10% nitrogen by dry weight their growth also reduces the oxygen
required for nitrogen removal through the assimilation of nitrogen into their biomass and allows
for more nitrogen to be recovered from wastewater (Jia and Yuan, 2016). Compared to activated
sludge technology, algae-based wastewater treatment offers greater than 50% reduction in energy
consumption (Munoz and Guieysse 2006) and 60-75% reduction in capital and operating costs
(Park et al. 2018).
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The typical algae raceway pond is 0.3-0.6 m deep and has a paddlewheel that mixes and
circulates water around a central dividing wall (Park et al. 2018). This configuration is designed
to promote photosynthesis, algal growth, oxygen production, and the bacterial decomposition of
organic matter. In this way the algae and bacteria work together to treat wastewater with the
algae supplying oxygen to the bacteria which breakdown organics releasing CO2 for the algae
(Oswald et al. 1957; Wang et al. 2015). The shallow depth of the ponds results in high UV-light
exposure, which when combined with high dissolved oxygen, and pH, that can occur in algae
ponds, facilitates disinfection of wastewater and reduces the need for disinfection later in the
treatment train (Dias 2017).
The use of algae for wastewater treatment is considered a synergistic strategy for
improving both the sustainability of wastewater treatment and the economics of algae-based
biofuel production (Lundquist et al., 2010; Park et al. 2011b). Algal-bacterial biomass grown
from wastewater also can be converted into biofuel and used as a valuable organic fertilizer. The
use of wastewater instead of chemical fertilizers as a nutrient source offers a 12%-27% reduction
in the cost to produce biofuel from algae (Judd et al. 2017), and a 15%-25% reduction in the total
energy needed to produce biofuels from algae (Frank et al. 2011, Woertz et al. 2014).
Algae also contain a wide range of compounds including polysaccharides, pigments, oils,
carbohydrates, proteins, vitamins, minerals and plant growth promoting compounds providing
products valuable on almost every level (Michalak et al. 2017). Plant growth promoting, and soil
enhancing properties of algae can also improve the fertilizer value of biosolids produced from
wastewater treatment (Mulbry 2005). Furthermore, the slow release properties of algae fertilizer
reduce nutrient leaching into natural waters compared to chemical fertilizers potentially reducing
the agricultural contribution to eutrophication in natural water bodies (Coppens, 2016).
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The major drawbacks to current algae-based wastewater treatment is the large footprint
required for the shallow raceway ponds (as much as 50 times that of activated sludge), and the
strong dependence of treatment on sunlight and water temperatures (Park et al. 2011b). During
warmer, sunnier, summer months, algae-based systems are effective at removing nitrogen from
wastewater. Nitrogen is removed either by assimilation, where the nitrogen is incorporated into
new cells, or nitrification-denitrification as is done in activated sludge (Delgadillo-Mirquez et al.
2016). Raceway ponds have been shown to be good at nitrifying wastewater (Nguyen 2013) as
well as denitrifying when dosed wastewater with high amounts of organic carbon and ammonia
(Evens et al. 2005). However, colder temperatures and less sun during winter months reduces the
growth of algae and bacteria, posing a challenge for algae-based facilities to meet nitrogen
discharge limits year around (Kraetsch 2015).
One option for increasing the nutrient removing capabilities and reducing the footprint of
algae-based systems is to recycle a portion of the algae-bacterial solids back into the reactor,
much like the activated sludge process. Since nitrification is typically the rate limiting step in
nitrogen removal it is often used when designing wastewater treatment plants to determine the
minimum SRT required for nitrogen removal. The minimum SRT required to meet a specific
effluent total ammonia/ammonium nitrogen concentration (TANEff), while operated at a specific
dissolved oxygen concentration (DO), can be determined by first calculating the nitrifying
bacteria specific growth rate (Equation 1). Growth constants used in Equation 1 are adjusted to
the operating temperature using the Arrhenius equation (Equation 2). The minimum SRT
required is then calculated as the inverse of the nitrifying bacteria specific growth rate (Equation
3). Calculating the minimum SRT for typical growth constants adjusted to 10oC, DO of 8 mg/L,
and TANEff of 0.5 mg/L, results in a minimum SRT of 7.3 days.
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Equation 1: Calculation of nitrifying bacteria specific growth rate (Metcalf and Eddy
2003).
µ𝑚𝑛 𝑇𝐴𝑁𝐸𝑓𝑓
𝐷𝑂
µ𝑛 = (
)(
) − 𝑘𝑑𝑛
𝑘𝑛 + 𝑇𝐴𝑁𝐸𝑓𝑓 𝑘𝑂 + 𝐷𝑂
Equation 2: Arrhenius equation used to calculate temperature corrected growth constants
(Metcalf and Eddy 2003).
𝑘𝑇 = 𝑘20 𝜃 𝑇−20
Equation 3: Calculation of minimum SRT for nitrifying bacteria (Metcalf and Eddy
2003).
𝑆𝑅𝑇𝑀𝑖𝑛𝑖𝑚𝑢𝑚 =

1
µ𝑛

Where:
-

µmn is the maximum specific growth rate of nitrifying bacteria typically 0.38
gVSS/gVSS-d.

-

kn is the nitrification half velocity coefficient typically 0.44 mg TAN/L.

-

TANEff is the effluent total ammonia/ammonium nitrogen concentration, 0.5 mg
TAN/L used here.

-

DO is the reactor dissolved oxygen concentration, 8 mg/L used here.

-

kO is the oxygen inhibition coefficient typically 0.5 mg DO/L.

-

kdn is the endogenous decay coefficient for nitrifying organisms typically 0.05
gVSS/gVSS-d.

Previous studies explored the use of solids recycling in algae-based wastewater treatment
systems as a way to increase the population of nitrifying, and organic carbon consuming bacteria.
McGriff and McKinney (1972) found that total suspended solids (TSS) concentrations between

7

1-1.4 g/L gave 90% total nitrogen (TN) and biochemical oxygen demand (BOD) removal. Regan
and McKinney (1977) found 65-85% chemical oxygen demand (COD) removal, and incomplete
nitrification at HRTs between 0.1-0.3 days, SRTs of 1-2 days, and temperature around 20oC.
Park et al. (2011a) observed improved species control and harvest efficiency in ponds with solids
recycling, and when recycling 10% of harvested biomass, Park et al. (2018) had near complete
nitrogen removal from low strength wastewater during summer conditions, but incomplete
nitrogen removal and nitrification during winter conditions.
While these studies lay some of the groundwork and show promise for solids recycling in
algae systems, additional work focusing on nitrification, and nitrogen removal from algae ponds
operated with a high degree of solids recycling, and at winter light and temperature is needed.
The focus of this thesis was to examine the effect of solids recycling on nitrification,
organic carbon removal, and algal-bacterial productivity in bench-scale photobioreactors (PBRs)
simulating winter pond conditions in San Luis Obispo, California and a 6-acre raceway system in
Delhi, California. This research hopes to answer the following questions:
-

Does solids recycling improve nitrogen removal and overall wastewater treatment in
wastewater fed photobioreactors compared to reactors without solids recycling?

-

Does the type of wastewater influence nitrogen removal and wastewater treatment in
photobioreactors?

-

Does solids recycling significantly impact algal-bacterial productivity?
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3. MATERIALS AND METHODS
The experiments described here involved comparing organic carbon removal, nitrogen
removal, and productivity of algal-bacterial cultures grown in laboratory photobioreactors
(PBRs) operated to simulate raceway ponds. These PBRs were fed municipal wastewater and
operated either with or without solids recycling. The following sections describe how PBRs were
operated and how data were collected.
3.1

PBR Operation
Solids recycling experiments were conducted in four photobioreactors1 (Figure 1). PBRs

were lit from the top with high output LED lights, heated and cooled with Peltier thermoelectric
heater/chillers, and mixed via 1 inch magnetic stir bars set to 100 rpm. Headspace was purged
with ambient air at approximately 500 mL-air/min using aquarium air pumps.
All four PBRs had a diel temperature profile set with daily average temperature of 10oC
and daily minimum and maximum temperature of 7oC and 13oC, respectively. Lights turned on
at 08:00 and ramped up until reaching a peak of 1,000 μmol/m2-s at 12:30 then ramped back
down until they turned off at 17:00. These conditions were set based on winter conditions in San
Luis Obispo and Delhi, California.
Every Monday, Wednesday, and Friday at 19:00 PBRs were diluted manually using 100
mL pipettes2. PBRs were diluted with either primary clarifier effluent (1oEff) from the San Luis
Obispo Water Resource Recovery Facility (SLO WRRF) for the first experiment, or facultative
pond effluent (FAC) from the Delhi, California wastewater treatment plant for the second
experiment. 1oEff was collected every Monday and used for PBR dilutions for that week. FAC
was collected every Thursday and shipped on ice overnight to be used the following week. Both

1
2

Phenometrics, Inc., Lansing, Michigan
CLS4491, Corning Inc., Corning, New York
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wastewater types were stored in a refrigerator at 3oC to limit degradation. When PBRs were
diluted, to prevent all the wastewater feed from warming up, only the amount needed for diluting
the PBRs was poured into a beaker and allowed to reach room temperature, while the rest was
returned to the refrigerator.
The four PBRs had a volume of 630 mL, depth of 25 cm and were maintained at an HRT
of 6 days, same as the full-scale ponds in Dehli, California. Two of the four PBRs received
recycled solids increasing their SRTs to between 7 and 11 days and were named the SR PBRs.
The other two control PBRs did not have solids recycling, giving them an SRT of 6 days,
equivalent to the HRT.
At the start of each dilution temperature, dissolved oxygen3, and pH4 was measured in
each PBR, and reactor walls were scrubbed with a plastic brush to remove any attached biofilm.
Any biofilm that was removed was left in the reactors. During each dilution 65% of the volume
removed from the SRT treatments was settled for 1 hour in Imhoff cones. The settled biomass
was drawn from the bottom of each cone, intermixed, and returned in equal proportions to the SR
PBRs, lengthening the SRT to 7-11 days for the duration of the experiment (Figure 2).
For the first experiment, PBRs were inoculated with an algal bacterial polyculture from
pilot algae raceway ponds fed 1oEff at the SLO WRRF. For the second experiment, PBRs were
inoculated with an algal bacterial polyculture collected from full-scale algal ponds at the Delhi
WWTF. VSS measurements taken from the PBR effluent and from the Imhoff cone supernatant,
were used to determine the amount of biomass produced and returned to each PBR, allowing
calculation of gross biomass productivity (g VSS/m2-day) (Equation 4) and SRT (days)
(Equation 5). Gross productivity was the total amount of VSS removed and not returned.

3
4

YSI ProODO-626281, Xylem Inc., Yellow Springs, Ohio
Oakton WD-35614-30, Oakton Instruments, Vernon Hills, Illinois
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Figure 1: Photobioreactors Used for Solids Recycling Experiments.
Equation 4: Calculation of PBR gross productivity.
𝑃𝐵𝑅 𝐺𝑟𝑜𝑠𝑠 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 = PGross =
𝑉𝑆𝑆𝑃𝐵𝑅 (𝑉𝐻𝑎𝑟𝑣𝑒𝑠𝑡𝑒𝑑 − 𝑉𝑆𝑒𝑡𝑡𝑙𝑒𝑑 ) + 𝑉𝑆𝑆𝑆𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡 (𝑉𝑆𝑒𝑡𝑡𝑙𝑒𝑑 − 𝑉𝑅𝑒𝑡𝑢𝑟𝑛𝑒𝑑 )
Δ𝑡𝐻𝑎𝑟𝑣𝑒𝑠𝑡 𝐴𝑃𝐵𝑅
Equation 5: Calculation of PBR solids retention time (SRT).
𝑆𝑜𝑙𝑖𝑑𝑠 𝑅𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛 𝑇𝑖𝑚𝑒 = 𝑆𝑅𝑇 =

𝑚𝑃𝐵𝑅 𝑉𝑆𝑆𝑃𝐵𝑅 𝑉𝑃𝐵𝑅
=
ṁ𝑃𝐵𝑅
PGross APBR

Where:
- APBR is the average cross-sectional area of the PBR (m2) since it was wider at the top
than at the bottom.
- ∆t is the amount of time between dilutions (days).
Ammonia, nitrite, nitrate, total nitrogen, settling efficiency and COD were measured on
PBR effluent samples every Monday to evaluate carbon and nitrogen removal. Organic nitrogen
was determined by subtracting ammonia, nitrite, and nitrate from total nitrogen. At the end of the
second experiment a diel study measured pH, dissolved oxygen, ammonia, nitrite, and nitrate to
evaluate how these changed over the 48 hours following a dilution.
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Figure 2: Process Flow for Solids Recycled PBR s (Left) and Control PBR s (Right).
3.2

Analytical Methods
This section describes the laboratory procedures that were used to collect data from each

PBR. All laboratory analysis followed Standard Methods and was performed by a team of
students at California Polytechnic State University San Luis Obispo. The constituents that were
measured, the methods used, and frequency that they were measured are summarized in Table 1.
The following sections describe the methods used in more detail.
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Table 1: Summary of Analytical Methods and Sampling Frequency.
Constituent
TSS/VSS

Method
Gravimetric using 1.2-µm glass
fiber filters5 (APHA 2540-E)

Frequency
Mondays, Wednesdays, and
Fridays

Settleable Solids

Gravimetric using 1.2-µm glass
fiber filters (APHA 2540-F )

Total
Ammonia/Ammonium
Nitrogen

Conductometric method using a TL2800 Ammonia Analyzer6 (APHA
4500-N-D)

SR PBRs: Mondays,
Wednesdays, and Fridays
Control PBRs: Mondays
Mondays

Nitrite (NO2-)

Colorimetric (APHA 4500-NO2- B)

Mondays

Nitrate (NO3-)

HACH TNT plus 835 colorimetric
method7 (APHA 4500-NO3-E)

Mondays

Total Nitrogen (TN)

HACH alkaline persulfate oxidation
and chromotropic acid coloration
(APHA 4500-N-C)
HACH low range colorimetric
(APHA 5220 D)

Mondays

Soluble Chemical
Oxygen Demand
(sCOD)
Microscopy

-

Mondays

Mondays

3.2.1 Total and Volatile Suspended Solids (TSS/VSS)
Total and volatile suspended solids (TSS/VSS) were determined in triplicate according to
APHA 2540-E (1999). The 1.2-µm glass fiber filters8 used were prepared prior to use by
washing with reverse osmosis water then baking for 15 minutes at 550oC in a muffle furnace9.
Due to their high degree of flocculation, samples were blended with an immersion hand
blender10 to homogenize before filtering. Enough sample was filtered through each filter to
capture 5-50 mg of TSS.

5

Part 28333-139, VWR International, Radnor, Penn.
Timberline Instruments, Boulder, Colorado
7
HACH, Loveland, Colorado
8
Part 28333-139, VWR International, Radnor, Penn.
9
Isotemp, Fisher Scientific, Hampton, New Hampshire
10
Part 59738A, Proctor-Silex, Southern Pines, North Carolina.
6
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3.2.2 Settleable Solids
Settleability of solids was measured gravimetrically according to APHA 2540-F (1999).
However, since 1 L of sample was not available only 150 mL of well mixed sample was settled
in an Imhoff cone for each PBR (Figure 3).

Figure 3: Imhoff Cones with PBR Effluent Before (Left), and After 1 hour of Settling
(Right). PBRs 1 and 2 are the Controls and PBRs 3 and 4 are the Solids Recycled PBRs.
3.2.3 Total Ammonia/Ammonium Nitrogen (TAN)
Ammonia was analyzed by the conductometric method (4500-N-D, APHA 1999) using a
TL-2800 Ammonia Analyzer. Samples were acidified to a pH of 2.0 with concentrated sulfuric
acid11 to preserve and prevent ammonia volatilization, then filtered through 1.2-µm glass fiber
filters into 50-mL Falcon centrifuge tubes12. Samples were then refrigerated at 4oC until they
were analyzed within 28 days. A calibration curve was made by diluting a 2058 mg/L-N ACS
grad ammonium chloride solution13 to 1, 2.1, 10.3, 20.6, 40.1, 82.3, and 123.5 mg/L-N.

11

Part A300-212 Fisher Scientific Company, Houston, Texas
Corning, Tamaulipas, Mexico
13
Part NC9202292, Aqua Solutions Inc., Deer Park, Texas
12
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A separate 2000 mg/L-N ammonium chloride solution made from ACS ammonium chloride
solid was used to make calibration verification standards (CVS), which were run every 12
samples to help ensure accuracy of the method and instrument.
3.2.4 Nitrite (NO2-)
Nitrite was determined with the colorimetric method described in APHA 4500-NO2- B
(1999). Samples were prepared by filtering through 1.2-µm glass fiber filters into 50-mL Falcon
centrifuge tubes then refrigerated at 4oC until they were run. Samples were analyzed within 48
hours of collection according to EPA guidelines (2016). A 6-point standard calibration curve of
concentrations 0, 0.05, 0.10, 0.15, 0.20, and 0.30 mg/L-N was made by diluting a 250 mg/L-N
sodium nitrite standard solution into volumetric flasks. If concentrations were greater than the
highest point of the calibration curve, samples were diluted with deionized water in volumetric
flasks.
3.2.5 Nitrate (NO3-)
Nitrate was determined with the HACH TNT plus 835 colorimetric method which was
equivalent to 4500-NO3-E in APHA 1999. Samples were prepared by filtering through 1.2 µm
glass fiber filters into 50 mL Falcon centrifuge tubes. If samples were not analyzed immediately,
they were refrigerated, and analyzed within 48 hours of collection. To limit nitrite interference, if
samples had nitrite concentrations greater than 2.0 mg/L, 50 mg of sulfamic acid was added to
5.0 mL of sample, dissolved, and allowed to react for 10 minutes. The sulfamic acid removed
nitrite from the sample by converting it into nitrogen gas.
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If nitrate concentrations were greater than the 35 mg/L-N upper limit of the test, samples
were diluted until they fell within the range of the test. Calibration verification standards were
prepared by diluting a 1000 mg/L-N nitrate standard14 into volumetric flasks.
3.2.6 Total Nitrogen (TN)
Total nitrogen was determined with the HACH alkaline persulfate oxidation kit15
equivalent to APHA 4500-N-C (1999). Every Monday 1oEff, or FAC, and PBR effluent samples
were collected, blended to ensure homogeneity, poured into 50 mL falcon tubes, and refrigerated
at 3oC. If samples were not to be run within 24 hours, they were acidified to a pH less than 2
with concentrated sulfuric acid then refrigerated. Acidified samples were analyzed within 28
days of collection and neutralized with sodium hydroxide before analysis. During each analysis a
calibration curve of concentrations 0, 10, 50, 100, and 150 mg/L-N was made by diluting 1000
mg/L-N nitrate standard14 with deionized water into volumetric flasks.
3.2.7 Soluble Chemical Oxygen Demand (sCOD)
Soluble chemical oxygen demand (sCOD) was determined using the HACH low range
colorimetric COD test equivalent to APHA 5220 D (1999). Samples were acidified to a pH less
than 2 with concentrated sulfuric acid then filtered through 1.2-µm glass fiber filters into 50 mL
Falcon centrifuge tubes. A calibration curve was prepared to concentrations of 0, 25, 50, 100,
and 150 mg/L-COD, by diluting a 500 mg/L-COD potassium hydrogen phthalate stock solution
in volumetric flasks.

14
15

Part SN063970500, Ricca Chemical Company, LLC, Arlington, Texas
Part 2714100, HACH, Loveland, Colorado
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3.2.8 Microscopy
Microscopy was performed on PBR samples once a week using an Olympus CX41
microscope16, and an Infinity-2 microscope camera17. Wet mount slides were prepared by
placing a drop of well mixed sample onto a microscope slide and placing a cover slip on top.
Slides were scanned at 100x, and zoomed to 400x, or 1000x as necessary. Pictures were taken to
represent the algae present in each sample and anything of importance or interest.
3.2.9 Quality Control and Statistics
To ensure confidence in data that were collected, a quality control plan was used. This
included blanks, calibration standard curves, calibration verification standards, duplicate or
triplicate analysis, sample splits, and sample spikes, all summarized in Table 2.
All statistical analyses to determine the significance of results were performed using JMP
14.0 statistical software18. The Tukey HSD test with α = 0.05 was used to determine significant
differences between means. The n values reported are the number of days that the reported
metric was determined on all PBRs and used to calculate means. The number of samples stated
for means in results is almost always far less than the number of samples shown in the time
series graphs because the data used in means was only for dates on which results from both
treatment and control PBRs were available.

16

Olympus Scientific Solutions, Waltham, Massachusettes
Luminera Corporation, Ottawa, Canada
18
SAS Institute Inc., Cary, North Carolina
17

17

Table 2: Summary of Quality Control Parameters. Values presented are the range of values
that were measured.
Calibration Curve
Replicate Relative
Spike %Recovery
Test
Correlation
Difference ‡
§
(R2 †)
(%)
TSS/VSS
0.0 - 10.7
COD
0.99683 - 0.99986
0.1 - 10.0
89.3 - 108.8
TAN
0.99625 - 0.99999
0.0 - 10.2
87.2 - 106.9
NO2
0.99682 - 0.99996
0.2 - 8.7
93.0 - 115.3
NO3
0.99856 - 0.99856
0.0 - 8.0
93.3 - 111.5
TN
0.9997 - 0.9998
0.7 - 10.5
97.8 - 105.5
†
Calibration line correlation coefficient determined from 5 - 6 standards and a blank for all tests
except TSS/VSS.
‡
Relative difference of method triplicates performed on all TSS/VSS samples and duplicates
10% of all other samples
§ Spike recovery determined assessing the recovery of a known addition. Determined on 10% of
samples.
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4. RESULTS AND DISCUSSION
This chapter presents the VSS, settleability, productivity, nitrogen, COD, and microscopy
data from the two solids recycling experiments. The treatments, as described above, were PBRs
with solids recycling (SR), and control PBRs without solids recycling (C). The first experiment
used primary clarifier effluent (1oEff) from the SLO WRRF, and the second used facultative
pond effluent (FAC) from the Delhi WWTF. Biomass concentration and productivity were
estimated from VSS data measured on PBR influent and effluent samples at each of the threetimes-per-week dilutions. Ammonia, nitrite, nitrate, and chemical oxygen demand (COD) were
measured on influent and effluent samples every once per week to determine treatment
efficiency of PBRs.
4.1

Experiment 1: Treatment of San Luis Obispo Primary Clarifier Effluent
For the first experiment, PBRs were operated for 98 days by dilution with primary

clarifier effluent (1oEff) from the San Luis Obispo Water Resource Recovery Facility.
4.1.1 TSS/VSS, Productivity, and Harvestability
Reactors were inoculated with biomass from SLO WRRF pilot ponds on day 1. To ensure
stability and replicability of PBRs, for the first 16 days of operation all PBRs were operated
without solids recycling. Once PBRs were stable and performing similarly, 50% of the effluent
volume from SR PBRs was settled, then the solid fractions intermixed and returned in equal
proportions to each PBR, resulting in an SRT of about 10 days. Because the goal was to at least
double the SRT in the SR PBRs the proportion of settled effluent volume was increased to 65%,
starting on Day-35, increasing the SRT to 12 - 16 days (Figure 4).
Initially, because they were over inoculated, VSS concentration decreased in all PBRs
until about Day-11. After initiating solids recycling on Day-16, biomass concentration in the
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extended SRT treatment steadily increased to a maximum VSS of ~400 mg-VSS/L, while VSS
remained relatively constant in the control PBRs at ~150 - 200 mg-VSS/L (Figure 5).
Until Day-18, productivities were high due to the over concentrated inoculum being
washed out, but then remained relatively consistent and similar in treatment and control for the
remainder of the experiment (Figure 6). From Day-18 to Day-98 controls had a mean gross
productivity of 4.15 g VSS/m2-day, which was significantly higher than the 3.67 g VSS/m2-day
mean productivity for SR PBRs (P < 0.05, n = 36) (Figure 7). This matches what current theory
would predict since the longer SRT would result in more endogenous decay of solids (Droste
1998). However, when comparing means between replicate PBRs, both the controls and SRs
replicate PBRs were also determined to be significantly different from each other.
The SR PBRs exhibited more complete biomass sedimentation than the controls. After
settling PBR effluent in Imhoff cones for 1 hour, the supernatant VSS in the cones had similar
trends for all PBRs over the experiment, but SR PBRs consistently had slightly lower
supernatant VSS (Figure 8) Mean supernatant VSS was 20% less in SR PBRs than in the
controls (P < 0.05, n = 9) (Figure 9).
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Figure 4: Solids Retention Time for Control (C) and Solids Returned (SR) PBRs Fed
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Figure 5: Volatile Suspended Solids (VSS) Concentrations of PBR Influent (Primary
Clarifier Effluent [1oEff]) and Effluents of the Control (C) and Solids Returned (SR) PBRs.
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Figure 6: Gross Biomass Productivity for Control (C) and Solids Returned (SR) PBRs Fed
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Figure 7: Mean Gross Biomass Productivity During Day-18 to Day-98 for Control (C) and
Solids Returned (SR) PBRs Fed Primary Clarifier Effluent. Error bars represent the standard
error of the means. Bars with different letters above them were significantly different (P < 0.05,
n = 36).
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Figure 8: Supernatant VSS After 1 Hour of Settling in Imhoff Cones for Control (C) and
Solids Returned (SR) PBRs Fed Primary Clarifier Effluent.
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Figure 9: Mean Supernatant VSS After 1 Hour of Settling in Imhoff Cones for Control (C)
and Solids Returned (SR) PBRs During Day-16 – Day-98. All PBRs were fed primary
clarifier effluent. “A” bars were significantly different from “B” bars (P < 0.05, n = 9). Error bars
represent the standard error of the means.
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4.1.2 Nitrogen Removal
During the start of the experiment, rain resulted in uncharacteristically dilute 1oEff.
Typically, 1oEff from the SLO WRRF contains ~60 mgN/L as TAN + organic nitrogen, with
little to no oxidized nitrogen. Stormwater infiltration during the rains caused 1oEff TAN to be
diluted to 10 - 20 mg TAN/L and led to appreciable amounts of nitrate (~5 mg NO3-N/L, Days
14-21). Until 1oEff returned to a more typical nitrogen profile on Day-21, little to no TAN was
detected in any of the PBRs.
On Day-21, when 1oEff TAN reached ~30 mg/L, TAN began increasing in both
treatments to ~10 mg TAN/L by Day-28, when the nitrogen profile in each PBR began to
diverge dependent on experimental treatment (Figure 10). Controls took longer to completely
nitrify ammonia, resulting in sustained ammonia concentrations >10 mg TAN/L until Day-70.
SR PBRs reached non-detect levels of TAN by Day-49, despite 1oEff TAN increasing to 47
mg/L.
Decreases in effluent ammonia were followed by temporary increases in nitrite, peaking
on Day-28 in SR PBRs, and Day-56 in controls (Figure 11). Nitrite concentrations decreased to
non-detect levels in the SR PBRs by Day-49, but never reached below 0.7 mg NO2-N/L in the
controls.
Concomitant increases in nitrate concentrations were observed after increases in nitrite.
Nitrate concentrations in PBRs eventually closely matched that of influent TAN starting on Day49 in the SRs, and Day-70 in the controls (Figure 12). Both treatments reached non-detect, or
near non-detect, levels of TAN from Day-70 to -91 when feed TAN was relatively stable, and
before an uncharacteristically high feed total nitrogen (TN) (160 mg N/L) on Day-95.
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More complete nitrification, as well as faster establishment of nitrification was observed
in SR PBRs. These PBRs were also able to more effectively buffer increases in 1oEff TAN
content. As 1oEff TAN increased from 10 to 49 mg N/L from Day-14 to Day-49, SR PBR TAN
measured consistently less than that in the controls. Additionally, when 1oEff TAN spiked to 60
mg/L on Day-95, the SR treatments maintained 15 mg TAN/L less than the controls. Although
the SR treatments were more effective than the controls in removing this TAN spike, they were
unable to keep TAN below non-detect levels.
The complete TAN removal in the controls was unexpected since wastewater treatment
design equations (Equation 1, Equation 2, and Equation 3) and typical bacterial growth constants
listed in the above equations suggest that a minimum SRT of 7.3 days is required for nitrifying
bacteria to bring effluent TAN concentrations to below 0.5 mg/L, while controls had an SRT of 6
days. The near-complete nitrification observed in the SR PBRs indicates that the standard
biokinetic parameter values are conservative for the apparatus and conditions used in the present
experiments.
When complete ammonia removal was first noticed in the control PBRs, it was believed
that it was the result of biofilm growth on PBR walls. Because of this, after Day-70 PBR vessels
were swapped out with cleaned and sanitized vessels every week, and the vessel walls were
scrubbed to remove any biofilm before every harvest. The slight uptick in control TAN
concentration on Day-84 and -91 indicates that the change in operation might have caused
nitrifying organisms to begin washing out. Although, dilution with high N 1oEff on Day-95,
caused TAN concentration to rise sharply in all PBRs.
Mean total nitrogen in control PBRs was 15% less than the influent 1oEff, while SR
PBRs had about the same total nitrogen as 1oEff (Figure 13). The lower total nitrogen in controls
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indicates that some denitrification and or ammonia volatilization occurred is these PBRs.
Although since nitrogen was not tested for every day a complete mass balance could not be
performed to say if this truly was the case. Control and SR PBRs had the same amount of soluble
nitrogen (the sum of ammonia, nitrite, and nitrate). Mean organic nitrogen in all PBRs was
proportional to 7% of their mean VSS which agrees with the typical 6-10% nitrogen content of
VSS (Jia and Yuan, 2016), and indicates that most of the organic nitrogen was bound in VSS. In
scaled-up systems, much of this organic nitrogen would be removed from the effluent during the
solids separation process.
In general, higher VSS concentrations corresponded to faster rates of nitrification (Figure
14). In all PBRs, the nitrification rate increased nearly linearly. While PBRs with solids
recycling ultimately achieved a higher nitrification rate, the nitrification rate increased more
slowly as VSS increased. The smaller slope and plateauing at higher VSS in the SR PBRs were
likely because at high VSS only enough nitrifiers grew to nitrify the amount of ammonia that
they were fed, causing increases in VSS to not change the nitrification rate, except when fed a
spike of nitrogen at the end of the experiment. Further studies with higher influent TAN-N
concentrations are required to fully evaluate the relationship between nitrification and VSS in
this system.
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Figure 10: Total Ammonia/Ammonium Nitrogen (TAN) Concentrations of PBR Influent
(Primary Clarifier Effluent [1oEff]), and Effluent from Control (C), and Solids Returned
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Figure 11: Nitrite Concentrations of PBR Influent (Primary Clarifier Effluent [1oEff]),
and Effluent from Control (C), and Solids Returned (SR) PBRs.
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Figure 12: Nitrate Concentrations of PBR Influent (Primary Clarifier Effluent [1oEff]),
and Effluent from Control (C), and Solids Returned (SR) PBRs
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Figure 13: Mean Nitrogen Concentrations from Day-28 to Day-98 for Primary Clarifier
Effluent (1oEff) PBR Feed, and Effluent from Control (C), and Solids Returned (SR) PBRs.
Error bars represent standard error of the means.
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Figure 14: Nitrification Rate vs. VSS of Control (C) and Solids Returned (SR) PBRs Fed
Primary Clarifier Effluent.
4.1.3 Chemical Oxygen Demand
Soluble COD followed similar trends in all treatments (Figure 15). For the first four
weeks, COD concentrations in effluent from all PBRs was greater than or equal to 1oEff COD
because the inoculum contained some COD, and rain diluted the 1oEff COD. Following Day-28
when 1oEff COD became less dilute, all PBRs achieved 30-60% reduction in COD.
At the start of the experiment, 1oEff was collected only once per week and stored at 3oC
before feeding to the reactors. To test this preservation method, a previous week’s 1oEff sample
(“1oEff 7d”) was included in the COD analysis set to quantify degradation that had occurred
while stored. Results showed that, despite being stored at 3oC, 1oEff lost 20-50% COD after 7
days of storage showing that the 1oEff had a significant proportion that was readily
biodegradable.
Given the appreciable degradation found for refrigerated 1oEff, starting on Day-77 it was
collected fresh for each dilution. Up until Day-77, degradation of the 1oEff during storage likely
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contributed to the observed reduction in COD. Results after Day-77 are likely more
representative of wintertime treatment levels, with a typical COD removal of ~20 mg COD/L.
Mean effluent soluble COD (~42 mg/L) was not significantly different between PBRs (P
> 0.05, n = 13) (Figure 16). Solids recycling had little effect on COD removal for the conditions
of this experiment.
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Figure 15: Soluble Chemical Oxygen Demand (COD) Concentrations of Primary Clarifier
Effluent (1oEff) PBR Feed, Primary Clarifier Effluent After 7 Days of Refrigeration (1oEff
7d), and Effluent from Control (C), and Solids Returned (SR) PBRs.
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Figure 16: Mean Soluble Chemical Oxygen Demand (COD) Concentrations from Day-14
to Day-98 for Primary Clarifier Effluent (1oEff) PBR Feed, and Effluent From Control (C),
and Solids Returned (SR) PBRs. PBR means were not significantly different (P > 0.05; n =
13).
4.1.4 Microscopy
PBRs were inoculated using biomass collected from algal ponds at the San Luis Obispo
Water Reclamation Facility pilot plant. Cultures were composed of mostly Nitzchia and
Chlorella, with minor components of Scenedesmus, Micractinium, Pediastrum, Oscillatoria, and
Cyclotella. Rotifers, Stalked Ciliates, and Paramecium were also observed in all PBRs
throughout the experiment. Cultures were highly flocculated and algae were typically found
within flocs (Figure 17). Solids recycled PBRs typically had more flocculation, and more
grazers. By the end of the experiment, control PBRs had higher fractions of Scenedesmus, and
Nitzchia than the SR PBRs which were still predominantly Chlorella and Nitzchia, but had
higher fractions of everything else, suggesting that solids recycling may promote biodiversity.
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Figure 17: Micrographs of Algae Observed in Control (C) and Solids Returned (SR) PBRs
Fed Primary Clarifier Effluent.
4.2

Experiment 2: Treatment of Delhi California Facultative Pond Water
For the second experiment PBRs were operated for 89 days by dilution with facultative

pond water (FAC) from the Delhi California wastewater treatment facility.
4.2.1 VSS, Productivity, Harvestability, and Residence Time
For this experiment PBRs were inoculated with biomass from the Delhi WWTF. This
inoculum was not well flocculated and almost no VSS would settle causing the SRT to be lower
than desired and somewhat variable (Figure 18). In order to more quickly reach the same VSS
and SRT as the previous experiment (400 mg/L VSS and >12 day SRT), on Day-18 10 mL of 14
g/L sludge collected from the Delhi raceway ponds was added to the SR PBRs. Biomass
concentration in the SRs peaked at about 450 mg/L after adding the raceway sludge and steadily
decreased until reaching about 200 mg/L on Day-61 (Figure 19). The controls reached a
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maximum VSS of 250 mg/L on Day-28 due to the FAC having high VSS that week then steadily
decreased like the SR PBRs until reaching a minimum VSS of about 120 mg/L on Day-61. VSS
increased again in all PBRs from Day-65 to Day-75 when FAC had a spike of nitrogen and
organic carbon. Over the course of the experiment, biomass concentration in the SR treatment
was typically about 100 mg/L higher than in the experimental controls.
Controls had higher productivity than SRs over the course of the experiment (Figure 20).
After a spike in influent organic carbon and nitrogen on Day-65 productivity increased slightly in
all PBRs indicating that growth was likely limited by organic carbon and nitrogen availability.
Mean productivity was calculated from Day 49 on because this was three SRT after
adding sludge to the SR PBRs. Controls had a mean productivity of 3.9 g VSS/m2-day, and SRs
2.3 g VSS/m2-day which were significantly different (P < 0.05; n = 22)(Figure 21).
Biomass settleability via gravity sedimentation was similar for all PBRs (Figure 22).
Over the course of the experiment, mean supernatant VSS after 1 hour of settling was 134 mg/L
for the controls, and 129 mg/L for the SRs, and were not significantly different (P > 0.05; n = 13)
(Figure 23). This result contrasts with the previous experiment where there was a more
pronounced increase in settleability for SR PBRs. The difference in settleability results between
the two experiments indicates that the amount of readily biodegradable COD, water chemistry,
and culture composition, which were all different between the two experiments, are likely
important parameters affecting biomass settleability.
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Figure 18: Solids Retention Time for Control (C) and Solids Returned (SR) PBRs Fed
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Figure 19: Volatile Suspended Solids (VSS) Concentrations of PBR Influent (Facultative
Pond Water [FAC]) and Effluents from Control (C) and Solids Returned (SR) PBRs.
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Figure 21: Mean Gross Biomass Productivity During Day-49 to Day-89 for Control (C)
and Solids Returned (SR) PBRs Fed Facultative Pond Water. Error bars represent the
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Figure 22: Supernatant VSS After 1 Hour of Settling in Imhoff Cones for Control (C) and
Solids Returned (SR) PBRs Fed Facultative Pond Water.
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Figure 23: Mean supernatant VSS After 1 Hour of Settling in Imhoff Cones for Control (C)
and Solids Returned (SR) PBRs During Day-49 – Day-89. All PBRs were fed facultative pond
water. Error bars represent standard error of the means. There was no significant difference
between reactors (n = 9).
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4.2.2 Nitrogen Removal
For the first four weeks of the experiment, PBR TAN concentrations were slightly below
that of influent FAC (Figure 24). It wasn’t until Day-28 in the SR PBRs and Day-49 in the
controls that TAN started decreasing. Nitrite started forming on Day-21 in the SR PBRs, and
Day-28 in the controls (Figure 25). While still developing nitrifying organisms, the control PBRs
had a longer period with and had higher overall concentrations of nitrite compared to the SR
PBRs. When fed FAC with high nitrogen and COD on Day-65, nitrite increased in the SR PBRs
to about twice that of the controls likely due to the larger population of nitrifying organisms in
the SR PBRs. As ammonia started decreasing in each PBR nitrate began increasing by
approximately proportional levels (Figure 26).
The SR PBRs reached complete TAN removal on Day-61, but the controls never did,
reaching their minimum of 16 mg /L or ~50% removal on Day-61. The control PBRs may have
reached lower TAN concentrations if they had been operated longer. The anomalous spike in
influent FAC N concentrations on Day-65 caused TAN to increase to the same level in both
treatments but was completely removed within three weeks in the SR PBRs, while after four
weeks the controls only brought TAN concentration down by half. The faster recovery from the
anomalous spike, and faster development of nitrifying bacteria in the SR PBRs showed that
under the conditions of this experiment solids recycling created a more robust culture that was
able to adapt more quickly to changing culture conditions, and more reliably nitrify wastewater.
From Day-49 to Day-89 SR PBRs had mean soluble nitrogen and mean organic nitrogen
5 mg/L and 2 mg/L higher than controls, respectively (Figure 27). Mean total nitrogen in control
PBRs was 18 mg/L less than influent FAC, while SR PBRs had 11 mg/L less total nitrogen than
FAC. The loss in nitrogen compared to influent FAC indicates that some denitrification and/or
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ammonia volatilization occurred in PBRs. Compared to the previous experiment the ratio of
organic nitrogen to VSS was much higher. Control and SR PBRs had mean organic nitrogen
equivalent to 20%, and 11% of their mean VSS, respectively. Soluble nitrogen was not measured
so it could not be determined how much of the organic nitrogen was bound in VSS and how
much of it was soluble. Although based on typical 6-10% nitrogen content of VSS (Jia and Yuan,
2016), controls likely had a larger fraction of soluble organic nitrogen.
Since VSS decreased throughout the start of the experiment, because of an initial over
inoculation, there was a negative correlation between VSS and nitrification rate in all PBRs
(Figure 28). Compared to the previous experiment nitrification rates were slower by 1.5 mg/Lday in controls, 1 mg/L-day in SR PBRs.
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Figure 24: Total Ammonia/Ammonium Nitrogen (TAN) Concentrations of Facultative
Pond Water (FAC) PBR Feed, and Effluents from Control (C), and Solids Returned (SR)
PBRs. Spikes in FAC were due to variations in the wastewater’s characteristics.
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Figure 26: Nitrate Concentrations of Facultative Pond Wter (FAC) PBR Feed, and Effluent
from Control (C), and Solids Returned (SR) PBRs.
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4.2.3 Chemical Oxygen Demand
Chemical oxygen demand was between 50-60 mg/L in PBRs and FAC for most of the
experiment until FAC had an uncharacteristically high COD (220 mg/L) on Day-65 and Day-68,
and then again (100 mg/L) on Day-82 (Figure 29). After the spike in influent COD, the SR PBRs
initially had higher COD than the controls but dropped back down to normal levels sooner. Mean
COD from Day-49 to Day 89 was 68.4 mg/L in controls and 60.9 in SR PBRs but were not
significantly different (Figure 30)( P > 0.05; n = 7).
The ~45% COD removal from the first experiment with 1oEff and only ~20% COD
removal from the second experiment with FAC indicates a proportional difference in readily
biodegradable COD between the two wastewater types.
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Figure 29: Soluble Chemical Oxygen Demand (COD) Concentrations for Facultative Pond
Water (FAC) PBR Feed, and Effluent from Control (C), and Solids Returned (SR) PBRs.
The spike on Day-65 was due to an anomalous spike in FAC organic carbon.
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Figure 30: Mean Soluble Chemical Oxygen Demand (COD) Concentrations from Day-49 to
Day-98 for Facultative Pond Water (FAC) PBR Feed, and Effluent from Control (C), and
Solids Returned (SR) PBRs. Error bars represent standard error of the means. COD was not
significantly different between PBRs (P > 0.05; n = 7).
4.2.4 Diel Study
From 19:00 on Day-86 to 19:00 on Day-89 a diel study was performed by measuring
TAN, nitrite, nitrate, dissolved oxygen (DO), and pH in PBRs before dilution (19:00), then five
times in the first 24 hours after dilution (23:20, 04:20, 10:00, 14:45, 19:00), then once more after
another 48 hours (19:00). The dilution with FAC between the first and second points in Figures
31 to 35, is why the second points had increased ammonia, and decreased nitrite, nitrate and
dissolved oxygen. The first point for FAC was taken the day PBRs were diluted, the second point
was taken after being stored in a refrigerator for 3 days.
Over the first 24 hour period, the SR treatment removed almost 80% of the influent TAN
(Figure 31), indicating that it could have been operated at a shorter HRT while still achieving
complete TAN removal. After three days, the SR PBRs nitrified all influent TAN completely
converting it to nitrate, while the control PBRs only removed 20% of the TAN and contained
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about 1 mg/L of nitrite (Figure 32). All 9 mg/L of ammonia in the SR PBRs at the start of the
diel was converted to nitrate by the end (Figure 33). Over the first day of the diel study the SR
PBRs had nitrification rates of about 7.8 g N/L-day, while controls had nitrification rates of only
2.0 g N/L-day.
After dilution dissolved oxygen was much lower in the SR PBRs than in the controls. By
23:20 (6 hours after lights turned off), dissolved oxygen reached ~1 mg/L in the SR PBRs and
remained constant in until 08:00 when lights turned on, while controls steadily declined from 7.6
to 6.6 mg/L over the same time period (Figure 34). During the next day at 15:30 dissolved
oxygen increased reaching 11.1 mg/L and 4.9 mg/L in the controls and the SR PBRs,
respectively. By the end of the third day DO was at ~10 mg/L in all PBRs. Wastewater treatment
design guidelines say that nitrification rates slow significantly at DO concentrations below 2
mg/L (Metcalf and Eddy 2003), however the low DO below 2 mg/L seemed to have no effect on
nitrification in SR PBRs.
After diluting with FAC, pH decreased in controls and slightly increased in SR PBRs.
During the day from 08:00 to 15:30, pH increased from 7.5 to 7.8 in the controls and 6.9 to 7.0 in
SR PBRs (Figure 35). By the end of the third day, pH increased to ~8.2 in all PBRs.
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Figure 31: Diel Ammonia Concentrations from Day-86 to 89 for Facultative Pond Water
(FAC) Reactor Feed, and Control (C), and Solids Returned (SR) PBRs. Vertical red line
indicates dilution with FAC. Shaded regions indicate nighttime.
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Figure 32: Diel Nitrite Concentrations from Day-86 to 89 for Facultative Pond Water
(FAC) Reactor Feed, and Control (C), and Solids Returned (SR) PBRs. Vertical red line
indicates dilution with FAC. Shaded regions indicate nighttime.
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Figure 33: Diel Nitrate Concentrations from Day-86 to 89 for Facultative Pond Water
(FAC) Reactor Feed, and Control (C), and Solids Returned (SR) PBRs. Vertical red line
indicates dilution with FAC. Shaded regions indicate nighttime.
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Figure 34: Diel Dissolved Oxygen Concentrations from Day-86 to 89 for Control (C), and
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Figure 35: Diel pH from Day-86 to 89 for Control (C), and Solids Returned (SR) PBRs.
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4.2.5 Microscopy
All PBRs were inoculated using biomass collected from the raceway ponds at the Delhi
California wastewater treatment plant. Cultures were composed of mostly Chlorella, and
Scenedesmus, with minor components of Micractinium, Actinastrum, Anacystis, Pediastrum,
Closterium, Nitzchia, and Cyclotella, and traces of Akinstrodesmus, Mougeotia, Phacus, and
Uluthrix. Rotifers, Stalked Ciliates, and Paramecium were observed in all PBRs throughout the
experiment. Cultures were mostly dispersed, but had a small amount of flocculation, with
slightly more in the SR treatments (Figure 36). By the end of the experiment, control PBRs had
higher fractions of Chlorella and Scenedesmus than the SR PBRs which were still predominantly
Chlorella and Scenedesmus, but had higher fractions of everything else, suggesting that solids
recycling may promote biodiversity. This observation was very similar to that observed in the
previous experiment using 1oEff from the San Luis Obispo Water Resource Recovery Facility.
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Figure 36: Micrographs of Algae Observed in Control (C) and Solids Returned (SR) PBRs
Fed Facultative Pond Water.
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5. CONCLUSIONS
This section summarizes the relevant findings from each experiment and describes how these
findings answer the research questions posed at the start of this thesis.
-

Does solids recycling improve nitrogen removal and overall wastewater treatment in
wastewater fed photobioreactors compared to reactors without solids recycling?

Solids recycling had little to no effect on COD removal from wastewater, but improved
nitrification in both experiments. The difference in nitrification was seen most notably in the
second experiment, using FAC as PBR influent, where solids recycled PBRs had complete
nitrification, but controls did not. PBRs with solids recycling were also more resilient to changes
in influent wastewater characteristics and had more consistent effluent water quality when fed
wastewater that had occasional spikes in nitrogen and organic carbon.
-

Does the type of wastewater influence nitrogen removal and wastewater treatment in
photobioreactors?
The type of wastewater influenced both COD removal and nitrification in PBRs. The first

experiment using 1oEff as PBR influent had 40-50% COD removal, while the second experiment
using FAC had only 10-20% COD removal. Most of the COD in 1oEff was readily
biodegradable, while most of the COD in FAC was recalcitrant and slowly biodegradable.
Nitrification was similar to COD removal when comparing between wastewater types.
Both controls and solids recycled PBRs had complete nitrification for at least part of the
experiment when fed 1oEff, but when fed FAC, only the solids recycled PBRs had complete
nitrification. The difference between the two wastewaters indicates a possible inhibitory effect of
FAC on nitrification.
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Nitrification rates for the first experiment were somewhat faster than what would
generally be expected based on current theory used for characterizing activated sludge at 10oC
This indicating that standard biokinetic parameters are conservative for the apparatus and
conditions used in this experiment.
Although it was noticed that PBRs had lower total nitrogen than influent wastewater it
could not be determined if this was the results of denitrification/ammonia volatilization since
nitrogen concentrations were not measured every day and a complete mass balance could not be
performed. Furthermore, the lack of soluble organic nitrogen data made it impossible to tell if
organic nitrogen was part of the VSS which could be removed during solids separation, or not.
-

Does solids recycling significantly impact algal-bacterial productivity?
Compared to controls solids recycling was observed to reduce productivity in both

experiments. The reduction in productivity was because solids recycling increased time for
endogenous decay.
When fed 1oEff which contained a high amount of readily biodegradable COD, solids
recycled PBRs had 30% less VSS in supernatant after 1 hour of settling in Imhoff cones than
controls. However, when fed facultative pond water with no readily biodegradable COD there
was little difference in VSS after settling. Based on this observation, settleability and
productivity in the Delhi raceway ponds may be improved by sending a portion of the raw
wastewater to the raceways instead of first going through the facultative ponds and removing all
the readily biodegradable COD.
Microscopy data from both studies, though mostly qualitative, seems to indicate that
solids recycling promotes biodiversity in algal-bacterial cultures, which may be part of the
reason why solids recycling promoted more resilient and reliable treatment.
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As a next step, future studies should investigate solids recycling in outdoor raceway
ponds since outdoor ponds are typically paddlewheel driven and have different mixing, and
lighting than the magnetically stirred, and LED lit PBRs used in this study. The larger volume of
outdoor ponds would also make for more accurate measurements and results since the small
reactor volumes used for this experiment made it a challenge to maintain an elevated SRT while
still being able to sample the PBR for VSS and other tests. The PBRs used in this study also do
not simulate full scale ponds well since the control PBRs, meant to resemble the full-scale ponds
in Dehli California, had much greater ammonia removal and nitrification than the full-scale
ponds during the same time period.
Nitrogen testing at every dilution should also be performed in future studies so that a
complete mass balance can be performed to tell if nitrogen loss through denitrification/ammonia
volatilization occurs. Soluble nitrogen should also be measured to determine effluent
characteristics after solids separation.
Overall, the recycling of solids appears to be a promising way of at least slightly
improving the wastewater treatment potential of algae raceway ponds and should be investigated
further. Although finding ways of increasing pond temperatures and algal-bacterial growth rates
especially during winter conditions would likely be worthwhile as well.
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